This research studied multifunctional sensing capabilities on nanocomposites composed of poly(vinylidene) fluoride (PVDF), BaTiO 3 (BT), and multiwall carbon nanotubes (CNTs) fabricated by fused-deposition modeling 3D printing. To improve the dielectric property within BT/PVDF composites, CNTs have been utilized to promote ultrahigh polarization density and local micro-capacitor among BT and polymer matrix. The 3D printing process provides homogeneous dispersion of nanoparticles, alleviating agglomeration of nanoparticles, and reducing micro-crack/voids in matrix which can enhance their dielectric property. In this research, we demonstrated that by utilizing unique advantages of this material combination and a 3D printing technique, sensing capabilities for temperature and strain can be engineered with different content variations of included BT and CNTs. It is observed that the sensing capability for temperature change with respect to a 25-150 C range can be improved as both BT and CNTs' inclusions increase and is maximal with 1.7 wt.% CNTs/60 wt.% BT/PVDF nanocomposites, while the sensing capability for strain change in a 0-20% range is maximal with 1 wt.% CNTs/12 wt.% BT/PVDF nanocomposites. In addition, it is found that the best combination for mechanical toughness is 1 wt.% CNTs/12 wt.% BT/PVDF with 24.2 MPa and 579% in ultimate tensile strength and failure strain, respectively. These results show the technique to 3D print multifunctional nanocomposites with temperature and strain sensing capabilities as well as increased mechanical property. Furthermore, this research demonstrated the feasibility for large-scale multifunctional sensor device manufacturing with freedom of design, low-cost, and an accelerated process.
Introduction
Polyvinylidene fluoride (PVDF) and BaTiO 3 (BT) are well-known smart materials used as piezo-/di-electric devices for sensor and energy storage due to its unique characteristics. [1] [2] [3] In order to improve the piezo-/di-electric performance as well as tensile strength, the introduction of organic fillers such as carbon fiber, carbon nanotubes (CNTs), and carbon black have been extensively investigated by incorporating them in polymer composites. [4] [5] [6] [7] [8] Researchers investigated other areas of CNT-based strain sensors using their piezo-capacitive and resistive effects on highly stretchable elastomer substrate or in a polymer matrix for robotics, structural health monitoring, human skin, interactive electronics, smart clothing, and strain gauge. [9] [10] [11] [12] [13] [14] Strain sensing of polymer CNTs nanocomposites is based on the electrical property changes induced by external stresses, concepts of the destruction of the CNTs' conductive networks, and alternation of resistance changes due to variation of the distance between CNTs. 11 These CNTs were used to act as stretchable electrodes or to mix with polymer materials tested within limited lower strain parameters. The latter studies are using the structural material itself as the intrinsic sensor which is also referred to as self-sensing and has advantages of multi-functionality, low-cost, high durability, a large sensing volume, and the absence of mechanical property degradation. 11, 15 Recently, it is proved that processes of filament extrusion and fused-deposition modeling (FDM) 3D printing provide homogeneous dispersion of BT and possibly other additives in PVDF as well as alleviating agglomerates and removing voids and cracks. 16 The 3D printed piezo-/di-electric nanocomposites using FDM 3D printing technique was studied to improve both their electrical and mechanical performances by integrating polymer with piezo-/di-electric ceramics. This printing technique can provide great improvements for piezoelectric coupling coefficient, relative dielectric permittivity (118), ultimate stress (21 MPa), and ultimate strain (500%), respectively. [16] [17] [18] [19] With the outstanding toughness of the 3D printed multifunctional nanocomposites, it can be potentially used as an intrinsic self-powered pressure sensor and energy storage out of a 3D structure. 16, 19 By utilizing the particular characteristics of CNTs and BT nanoparticles in a PVDF matrix and unique property of FDM 3D printing technique, 19 other sensing capabilities can be explored in strain and temperature changes based on capacitance change in the distance variation of CNTs' networks under strain change and in phase transformation of BT ceramics with local micro-capacitor of CNT electrodes under temperature change. In this study, we explore the impact of filler content of BT and CNTs below percolation threshold (60 and 1.7 wt.%, respectively 20 ) on electrical property changes of FDM 3D printed CNTs/BT/PVDF nanocomposites for multifunctional temperature and strain sensing applications. In addition, tensile testing is performed to characterize tensile stress and strain on each sample for their mechanical property.
Experimental
For the fabrication of filaments that harness a continuous CNTs/BT/PVDF nanocomposite needed for 3D printing, the following materials were used: PVDF powder (MW $534,000; Sigma-Aldrich), BT powder (700 nm; Inframat Õ ), multi-wall carbon nanotubes (CNTs) powder (diameter: 8-15 nm, length: 10-50 mm, Cheaptubes Õ ), and N-Dimethylformamide solvent (DMF, OmniSolv Õ ). With respect to varying BT nanoparticle sizes, BT powder with 700 nm nanoparticle size withholds its maximum capacitance at 1 kHz in greater loading systems. 21 The solvent casting method is found in Figure S1 (a), Supplementary material and was used to mix CNTs/BT/PVDF uniformly. For this uniformly dispersed mixture of BT and CNTs in DMF solvent, the materials were sonicated for 30 min and had a 1:10 weight ratio of PVDF powder. The addition of PVDF powder was inputted after the sonication and the total mixture was placed in a water bath for 10-15 min, or until the PVDF powder visibly dissolved at 80 C. Ultra-sonication (Branson Sonifier 450) was applied to the solution for 15 min that allowed BT and CNTs clusters to be alleviated. Lastly, the nanocomposite solution was treated by evaporating DMF solvent once poured out into a glass substrate and placed to be heated on a hot plate for 12 h at 80 C. Detailed procedures for filament extrusion and 3D pritning are described in Methods S1 (Supplimentary material). Dried solvent casted nanocomposites were heated up at 205 and 230 C for filament extrusion and 3D printing process, respectively. The filament extrusion at 205 C was repeated three times for uniform dispersion. Several times of these heating processes and drying all 3D printed samples in vacuum oven (25inHg) at 80 C for 15 h promoted to evaporate DMF enough.
The morphology of the 3D printed nanocomposite samples was observed using a scanning electron microscopy (SEM, TM-1000 Hitachi, Tokyo, Japan) while Xray diffraction (XRD) was performed to characterize crystallinity using CuKa radiation on a D8 Discover diffractometer (Bruker, OR, USA). For the nanocomposite films extruded, dielectric property was characterized using electrodes in the form of conductive silver paint (High Purity Silver Paint, SPI supplies, PA, USA) on opposing surfaces. An LCR meter (1920 Precision, IED lab, WI, USA) was utilized to connect the electrodes of each individual 3D printed nanocomposites for considering the capacitance of each sample. Temperature testing was carried out by submerging the sample in a silicon oil (Sigma-Aldrich, MO, USA) and connecting the silver electrodes. Using a hot plate, each film was cut into a 5 Â 5 Â 0.5 mm dimension and tested from 25 to 150 C with incrementing temperatures of 25 C for a total six data point range as shown in Figure 1 (a) and (c). Each sample was then tested for capacitance value. Strain sensing capabilities were proved from painting 5 Â 7 mm electrodes on corresponding sides of the films shown in Figure 1 (b) and (d) and deeming a displacement rate of 3 mm/min using a tensile testing machine (ADMET MTESTQuattro eXpert 5600 series). Recordings of the capacitance were taken at each 1 mm displacement with a frequency of 1 kHz. Similarly, tensile testing was gathered by the same principle with a displacement rate of 3 mm/min. 22 These testing setups for characterization can be further understood in Figure 1 . Note that five samples were tested in each test under same condition and took an average to plot the results for Figures 2 to 4.
Results and discussion
The surface topography of the 3D printed nanocomposite films with varying BT and CNTs content was comparatively examined by SEM as shown in Figure S2 , Supplementary material. Higher amounts of BT agglomerates are seen as BT contents increase. The size of BT agglomerates is relatively increasing as BT contents increase as well. Voids are relatively observed more in 60 wt.% BT compared to 12 and 40 wt.%.
However, micro-cracks are not observed throughout the SEM images of all nanocomposites. In Figure  S2 (c), as CNTs' content increases, CNTs clusters are more obvious in PVDF matrix, which agglomerate and surround the BT agglomerates.
To confirm the crystal structure of the 3D printed nanocomposites, the XRD patterns of pure PVDF, BT, CNTs, BT/PVDF, and CNTs/BT/PVDF nanocomposites were characterized as shown in Figure S3 , Supplementary material. The peaks corresponding to BT and PVDF remain in the XRD pattern of the 3D printed nanocomposites, while the peak of CNTs disappeared due to the low filler content. 23 To characterize a temperature sensibility of the 3D printed nanocomposites, 3D printed films with varying BT and CNTs contents in PVDF matrix were tested at elevated temperature in the silicon oil environment. As shown in Figure 2 , all nanocomposites films show an increasing trend of the capacitance at 1 kHz as temperature elevates from 25 to 150 C. All films started deforming and melting at temperatures above 150 C. In Figure 2 (a), pure PVDF film (T m : 177 C) shows a slightly changing rate in the capacitance than films with BT particles since molecular mobility of pure PVDF is significantly promoted with increasing temperature. At low temperature, PVDF molecules have a difficulty in responding to applied electrical field due to poor molecular mobility. At high temperature, the mobility is significantly improved but still restricted by hydrogen bonding. 24 In theory, BT has a Curie temperature around 125 C where the capacitance suddenly drops. 25 However, the Curie peak for BT particles is absent in the PVDF matrix when temperature increases. It is found that there are some possibilities for causing the absence of BT's Curie peak as following reasons: (1) below 5 mm of BT particle size, there is an increasingly important surface charge effect which the polarization that results from the tetragonal structure is locked. This size effect in ultra-fine BT particles (<1 mm) results in a locked tetragonal structure by the surface charge effect so that this locked-in deformation persists to temperatures far in excess of the usual Curie point and continue up to very high temperatures, [26] [27] [28] [29] (2) large number of defects are caused by O 2À deficiency in perovskite structure. Therefore, there is probability that F À from PVDF may substitute some of the O 2À vacancy or loosely coupled with Ti ion in BT so that these bonding may rock the BT phase transformation, 29, 30 and (3) diffuse phase transition in BT. 31, 32 At high temperatures, generally BT particles retain better polarization, therefore, the changing rate in capacitance arises as increasing BT particles in PVDF. As seen in Figure 2 (b) to (d), addition of CNTs fillers lead to a much higher capacitance at room temperature due to the following reasons: (1) according to the microcapacitor model, each two adjacent CNTs can locally serve as two electrodes among ceramic nanoparticles and polymer matrix, 6 (2) CNT nanoparticles have ultrahigh surface area that can induce an ultrahigh polarization density, resulting in an increased capacitance, 33 (3) both CNTs and BT strongly tend to entangle into agglomerates; however, when used together, the CNTs and BT nanoparticles interact and reduce agglomeration of the CNTs networks in the polymer matrix so that this mixture leads to an increased capacitance property, 5 Under elevating temperatures up to 150 C, the changing rate in the capacitance arises as more CNTs are introduced in the BT/PVDF system. This is because the increased polarization of BT nanoparticles is exponentially amplified between locally distributed two adjacent CNTs electrodes. In Figure 2 (e), among the varying BT and CNTs content, 1.7 wt.% CNT/60 wt.% BT shows the highest changing rate in the capacitance which means the highest temperature sensibility. Figure 2(f) shows the repeatability test of the 3D printed 1.7 wt.% CNT/60 wt.% BT/PVDF nanocomposites which is the best performing sample in terms of changing rate in capacitance. The changing rate in capacitance during the first, second, and third heating and cooling are almost consistent and maintain capacitance value within the 0.0039 nF throughout the temperature.
To characterize the strain sensibility of 3D printed nanocomposites, the capacitance of 3D printed films with varying BT and CNTs contents in PVDF matrix was measured at 1-mm increments until reaching a 20% strain using a tensile machine. The maximum noted displacement was derived because silver paste electrodes experience micro-cracks and lose electrical conductivity after 20% strain displacement. Stretchable electrodes such as conducting polymer (printed CNTs, carbon composites, graphene, and Ag nanowires) or inorganic solutions (PEDOT:PSS) were not used in this study. [34] [35] [36] [37] [38] [39] [40] [41] [42] However, simple silver paint method 43, 44 was chosen to find the composition which has highest changing rate in capacitance and measure its relative change in capacitance under cyclic load with maximum displacement of 1.5 mm. In Figure 3 , all the 3D printed nanocomposites samples have shown increasing capacitance as displacement increases due to the decrease of capacitance thickness. In Figure 3(a) , the changing rate in the capacitance among BT/PVDF system is maximal at 12 wt.% BT/PVDF as the strain is induced and decreased over 40 and 60 wt.% BT. This is generally because Poisson's ratio of the 3D printed nanocomposites at high ceramic loading is relatively lower than one at low ceramic loading so that the distance change rate between the two electrodes is not significant.
In Figure 3 (b), the addition of CNTs inclusion at 12 wt.% BT/PVDF shows that the changing rate in the capacitance is maximal at 1 wt.% CNTs due to the following reasons: (1) CNT chains are stretched and rearranged along the direction of tensile strain, thus better local micro-capacitance within BT and PVDF can be formed, 45 and (2) two adjacent CNT local electrodes get closer which leads to a higher changing rate in the capacitance. However, the changing rate in the capacitance is decreased at 1.7 wt.% CNT. This decrease in the changing rate in the capacitance is due to the microstructure change of the nanocomposites 21 as following: Theoretically, clusters of CNTs can be formed in BT/PVDF systems because the CNTs tend to entangle together although BT nanoparticles help improve uniform dispersion of CNTs with suitable mixture process. 33 Note that BT nanoparticles form interparticle barriers within CNTs network, therefore they prevent CNTs from direct mutual connection and destroyed conductive paths. This cluster is effective to create high capacitance but can be destroyed by stretching which causes capacitance to decrease. At low CNTs loadings, the concentration and size of CNTs cluster are low and smaller so that capacitance change is not significant when strain is induced. However, at high CNTs loadings around 2 wt.%, the concentration and size of CNTs cluster are high and bigger so that the destruction of CNTs cluster as well as network is significant in the nanocomposites; then the capacitance change becomes significant. 21 Under 40 and 60 wt.% BT, the changing rate shows a similar trend as shown in Figure 3 (c) and (d); however, this changing rate is reduced when BT content increases because the Poisson's ratio decreases as adding more inclusions. Therefore, the change in the distance between electrodes and CNTs rearrangement would be slight. Figure 3(e) shows that the highest changing rate in the capacitance is observed at 1 wt.% CNT/12 wt.% BT/PVDF among the other compositions. The dynamic strain test is performed to characterize repeatability of the 3D printed nanocomposites under strain change. The best performing sample at 1 wt.% CNT/ 12 wt.% BT/PVDF is tested in ranges from 5 to 50, 100, and 130 N (displacement ranges from 0.3 to 0.55, 1, and 1.5 mm), applying 10 cyclic loads at 1 Hz. Note that the sample was ruptured above 130 N. As shown in Figure 3 , relative changes in capacitance are 20, 600, and 670% under 45, 95, 130 N (0.52, 0.7, 1.2 mm in displacement). The changing rate from 20% to 600% is not matched with the changing rate in applied stress from 45 to 95 N because when considering true strain, cross-sectional area of the sample at 95 N was much smaller than the one at 45 N.
The influence of the presence of BT and CNTs nanoparticles in the mechanical properties of PVDF matrix was examined by analyzing the tensile behavior of the 3D printed CNTs/BT/PVDF nanocomposites films. Figure 4 (a) shows a stress-strain curve for each sample with varying weight percentages of CNTs and BT tested at the strain rate of 3 mm/min. In general, low inclusion content means that inclusion increases tensile strength because amorphous segment motions of the polymer chains are restricted by the dispersion of inclusion. 46, 47 However, at a high loading system, the tensile strength decreases as inclusion content increases as shown in Figure 4 (b). Exceptionally, there is an increase in the ultimate tensile strength (UTS) for BT/PVDF nanocomposites without CNTs at 40 wt.% BT. Although it is observed that 12 wt.% BT shows higher UTS than 40 wt.% BT around 50% strain, the 40 wt.% BT breaks at a higher tensile strength due to the following reason: tensile strength right before rupture leads the polymer chains to be oriented and aligned along the tensile load direction which increases the strength and stiffness of the polymer in stretching direction, also known as strain hardening. 48 During the rupture moment, BT agglomerates can contribute as reinforcement in the polymer matrix and eventually it transpires to second ultimate stress also shown in other peaks. The more BT content that is in the polymer matrix, the higher UTS can occur before the rupture. As introducing more CNTs content in BT/PVDF nanocomposites, significant improvement in UTS is observed at 1 wt.% CNTs (24.2 MPa) and then it diminishes at 1.7 wt.% CNTs (18.4 MPa) . Similarly, UTS decreases as BT content increases. This relationship can be attributed by the following reasons: (1) inclusions of BT and CNTs are more likely to agglomerate and be heterogeneously distributed in higher loading systems also shown in Figure  S2 , Supplementary material demonstrating that BT agglomerates and CNTs clusters increase in higher inclusion content 18, 49 and (2) voids and micro-cracks can be created during the fabrication process and increased with higher filler content. 18, 50, 51 This means that the total amount of bonding of PVDF molecular chains was decreased. 18 Therefore, these agglomerates and defects led to the degradation of the tensile strength after 12 wt.% BT and 1 wt.% CNTs. Higher failure strains are observed around 550% at 12 and 40 wt.% BT with no CNTs or 1 wt.% CNTs. It is assumed that increased inclusion helped prevent crack propagation. However, at content loading of 60 wt.% BT and 1.7 wt.% CNTs, the failure strains are abruptly diminished because the 3D printed nanocomposites became brittle due to reasons mentioned above. Among the 3D printed nanocomposites, it is observed that 1 wt.% CNTs/12 wt.% BT/PVDF shows the highest mechanical toughness (24.2 MPa and 579%). Figure S4 , Supplementary material shows the ruptured 3D printed tensile samples in each. Note that all of samples were contracted in the direction of the tensile loading.
Conclusions
In this study, CNTs/BT/PVDF nanocomposites were fabricated using FDM 3D printing process for temperature and strain sensing applications. It is found that the capacitance property of the 3D printed nanocomposites can be utilized in sensing the changes of temperature and strain. The highest sensibility for temperature is observed in nanocomposites containing 1.7 wt.% CNTs/60 wt.% BT/PVDF which are the maximum loading for BT and CNTs percolation threshold. The highest sensibility for strain is observed in nanocomposites containing 1 wt.% CNTs/12 wt.% BT/ PVDF. The nanocomposites above 1 wt.% CNTs resulted in the degradation of the changing rate in the capacitance. This degradation was because the CNT cluster effectively destructs capacitance as the strain is induced. It is observed that the addition of more than 12 wt.% of BT particles degrades the changing rate in the capacitance because Poisson's ratio becomes lower as the BT content increases at a higher loading system. The combination between CNTs and BT inclusions contributes to a high changing rate in the capacitance when it comes to the temperature and strain changes. The superior mechanical performance is observed in nanocomposites containing 1 wt.% CNTs/12 wt.% BT/PVDF showing 24.2 MPa and 579% for mechanical stress and strain, respectively. These improved mechanical properties stem from CNTs and BT reinforcements. However, ultimate tensile strength starts decreasing after 1 wt.% CNTs and 12 wt.% BT and failure strain after 1 wt.% CNTs and 40 wt.% BT. This study demonstrated the feasibility of massive production for multifunctional sensing device manufacturing with freedom of design, low cost, and an accelerated process.
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